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Liquid cellular compartments spatially segregate from the cytoplasm and can regulate aberrant
protein aggregation, a process linked to several medical conditions, including Alzheimer’s and
Parkinson’s diseases. Yet the mechanisms by which these droplet-like compartments affect pro-
tein aggregation remain unknown. Here, we combine kinetic theory of protein aggregation and
liquid-liquid phase separation to study the spatial control of irreversible protein aggregation in the
presence of liquid compartments. We find that, even for weak interactions between the compart-
ment constituents and the aggregating monomers, aggregates are strongly enriched inside the liquid
compartment relative to the surrounding cytoplasm. We show that this enrichment is caused by
a positive feedback mechanism of aggregate nucleation and growth which is mediated by a flux
maintaining the phase equilibrium between the compartment and the cytoplasm. Our model pre-
dicts that the compartment volume that maximizes aggregate enrichment in the compartment is
determined by the reaction orders of aggregate nucleation. The underlying mechanism of aggregate
enrichment could be used to confine cytotoxic protein aggregates inside droplet-like compartments
suggesting potential new avenues against aberrant protein aggregation. Our findings could also
represent a common mechanism for the spatial control of irreversible chemical reactions in general.
Spatial control within living cells is essential to many
cellular activities, ranging from the local control of pro-
tein activity to the uptake of pathogens or the manage-
ment of wastes [1]. Understanding the mechanisms un-
derlying regulation of cell activities in space and time
is key not only for biological function, but also in view
of understanding and eventually controlling cellular dys-
function [2–5]. The spatial organization of cellular activ-
ities is often associated with membrane-bound organelles
that ensure permeation only for certain molecules of
specific molecular structure [6–8]. Recently, new types
of organelles have been discovered that do not possess
a membrane. They are referred to as non-membrane
bound compartments and they share most hallmark
properties with actual liquid-like droplets [9–13]. Un-
like organelles surrounded by membranes, these non-
membrane bound compartments are formed by liquid-
liquid phase separation. In many cases this phase sepa-
ration is driven by disfavouring interactions between the
constituent molecules of the compartment and the sur-
rounding cytoplasm [14, 15]. The partitioning of other in-
tracellular molecules into such droplet-like compartments
is then controlled by their relative interactions with the
constituent molecules of the compartment.
These droplet-like compartments are ubiquitous in-
side living cells [13]. For instance, they emerge prior
to cell division [9, 16], and form as a response to cellu-
lar stress [17–19]. They have been shown to enrich pro-
teins [20–22] and genetic material [16, 23, 24] providing
distinct environments for chemical reactions and biologi-
cal function. The molecules hosted inside these compart-
ments may even be protected against other agents from
the cytoplasm [25] or face conditions facilitating their
molecular repair [22, 26–30]. In addition to these roles,
recent evidence suggests that liquid cellular compart-
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FIG. 1. Enrichment of monomers and aggregates
via liquid-like compartments. Protein aggregation may
occur homogeneously inside cells also leading to aggregates
inside more sensitive cellular regions (left). A liquid com-
partment may accumulate monomers and thereby trigger the
local formation of aggregates (right). The hardly diffusing
aggregates are thus kept away from a more sensible cellular
region. Such a spatial segregation of aggregates is ideal for
adding functional, drug-like molecules which dominantly dis-
solve inside the compartment. These molecules may degrade
the aggregates or inhibit further growth and nucleation. But
most importantly, as these molecules are localized inside the
compartment their toxic effects are diminished.
ments could play an important role in regulating patho-
logical protein aggregation [31, 32]. An example is the ir-
reversible assembly of amyloids into fibrillar aggregates, a
process that is linked to a large variety of currently incur-
able diseases [2, 33–37], such as Alzheimer’s and Parkin-
son’s diseases, amyloidosis or type-II diabetes. As an-
other example, a chaperone in yeast uses a prion-like, in-
trinsically disordered domain to bind and sequester mis-
folded proteins in protein deposition sites [38, 39]. More-
over, misfolded and pathological proteins can accumulate
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2inside liquid-like stress granules triggering the aggrega-
tion kinetics inside these compartments. The presence of
this phase separated compartment can promote the for-
mation fibrillar aggregates, and prevent aggregation out-
side the stress granules [19, 22]. Thus the corresponding
cytotoxic effects of protein aggregates are expected to be
strongly localized in space as well. However, it remains
elusive whether weak protein interactions are sufficient
to cause a significant change in aggregate concentration
in the compartment relative to homogeneous aggrega-
tion and how the physical parameters of aggregation and
phase separation determine the relative enrichment of ag-
gregates inside versus outside.
Here, we combine knowledge of the kinetics of irre-
versible protein aggregation with the theory of liquid-
liquid phase separation to develop a model of irreversible
assembly of protein fibrils in the presence of droplet-
like compartments. We use this model to predict the
degree of enrichment of aggregates into the liquid com-
partment as a function of the fundamental physical pa-
rameters underlying aggregation kinetics and phase sep-
aration. We find that relatively weak interactions be-
tween the protein monomers and the liquid compartment
molecules are sufficient to enrich the concentration of ag-
gregates within the liquid compartment by several or-
ders of magnitudes relative to homogeneous aggregation
(Fig. 1). This strong enrichment of aggregates emerges
because the liquid compartment acts as continuous sink
of monomers during the aggregation dynamics, thus pro-
moting intra-compartment aggregation but suppressing
aggregation outside of the compartment. Moreover, we
find that aggregate enrichment is more pronounced for
larger (smaller) compartments depending on the relative
values of the reaction orders for primary and secondary
nucleation. Our results suggest that cellular liquid com-
partments are ideal to control irreversible protein aggre-
gation in space and that the compartment volume, which
is determined by the mean concentration of phase sepa-
rated protein, represents a relevant control parameter for
intra-compartment positioning of aggregates. This con-
trol mechanism could be relevant in the context of spatial
regulation of other irreversible chemical reactions where
liquid compartments act as biomolecular microreactors.
MATHEMATICAL MODEL FOR LIQUID
COMPARTMENTS CONTROLLING PROTEIN
AGGREGATION
To capture the interplay between liquid phase sepa-
ration and protein aggregation kinetics we start with a
model of two coexisting protein phases where monomers
partition differently into these phases determined by their
relative interactions. We consider the case where the
partitioning of monomers is close to equilibrium continu-
ously during the kinetics of aggregation. This assumption
is well justified since small weakly interacting molecules
such as the aggregating monomers diffuse between sec-
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FIG. 2. Enrichment of monomers and relative de-
gree of segregation. (a) The monomer enrichment Γ ((14))
exponentially increases with the relative interaction strength
∆χ (units of kBT ) between the monomers and the A and B
molecules which is defined in the SI (section S1). Its char-
acteristic increase it set by the degree of phase separation,
φI − φII. Enrichment vanishes at the critical point of phase
separation (solid line) and increases with the degree of phase
separation (dashed line). Enrichment is largest for φI−φII ' 1
(dash-dotted line). Due to the exponential increase, large en-
richment of monomers Γ can already be reached for weak
relative interaction energies of a few kBT . (b) The parti-
tion degree ξ(φ¯) = cIIm/c
tot
m ((2)) describing the concentration
fraction of monomers that resides in the minority phase II of
the compartment, decreases with the mean volume fraction
of A material, φ¯, along with increasing compartment volume
V I(φ¯). Smaller compartments are thus better in enriching the
monomer mass concentration.
onds and minutes through a cell of size in the order of
tens of µm [9, 40], while typical time scales of aggregation
in vitro are in the order of hours (see e.g. [41]). Further-
more, the diffusion of aggregates is highly hindered as
long fibrillar aggregates experience a much larger hydro-
dynamic drag force and can get entangled with cytoskele-
tal filaments and other assembled fibrils [42, 43]. Finally,
at large enough density and size, fibrils start to form
solid-like gels [22] further slowing down their mobility.
All these effects imply that we may safely neglect diffu-
sion of large aggregates and consider the typical case that
monomers diffuse quickly relative to their aggregation ki-
netics. This separation of time scales suggests that it is
natural to first consider the partitioning of monomers
into phase separated compartments at equilibrium and
then consider small deviations from this equilibrium to
understand its consequences for protein aggregation.
Phase separation and partitioning of monomers at
equilibrium
We consider a system of total volume V hosting a sin-
gle liquid compartment (a droplet for example) of a con-
densed protein phase I of volume V I. The compartment
itself forms by liquid-liquid phase separation between the
3two components A and B. Compartment I is composed
mostly of the protein component A and a small fraction of
protein component B, while compartment II has a small
amount of protein A and a large amount of protein B, as
depicted in Fig. 1.
For simplicity, we discuss the case of an incompressible
system where the aggregating monomers ‘m’ and aggre-
gates ‘a’ are dilute, i.e., cmνm  1 and caνa  1, with
cm and ca denoting the concentrations of monomers and
aggregates and νm and νa are the respective molecular
volumes. For instance, typical values of volume fractions
for monomers of Amyloid-β, cmνm (radius of gyration
in the range 1–2 nm [44]), at physiological concentra-
tions between 100pM to 1nM are in the range of 10−9
to 10−8. The assumption of dilute monomers and ag-
gregates implies that for an incompressible system the
volume fractions φA and φB of the protein components
A and B obey φA + φB = 1 − cmνm − caνa ' 1, where
we abbreviate φA = φ in the following. The monomers
may partition differently into the respective minority and
majority phases, but, due to their dilute concentrations,
they do not affect the degree of phase separation. Un-
der these circumstances, the partitioning of monomers in
the two phases is solely governed by the relative inter-
action strength ∆χ between the monomers with the A
and the B components, respectively. If ∆χ is large and
positive, monomers favor the presence of the majority
component A in compartment I. In this case we expect
a more pronounced partitioning of monomers into com-
partment I. Contrariwise, when ∆χ is large and negative,
monomers favorably partition into compartment II. The
degree of monomer enrichment at equilibrium can be cal-
culated using the condition that the chemical potentials
of monomers associated with compartment I and II are
balanced (see Fig. 2(a), SI, section S1, for the derivation),
and allows us to define the monomer enrichment factor
Γ ≡ c
I
m
cIIm
' exp
[νm
ν
∆χ
(
φI − φII)] , (1)
where cIm, c
I
m are the monomer concentrations in phases
I and II, respectively, ν denotes the molecular volume
of A and B molecules, and φI − φII ∈ [0, 1] is the de-
gree of phase separation of the A-component. Then the
relative partitioning of the total monomer concentration,
ctotm =
(
cImV
I + cIImV
II
)
/V , is given by the expressions
cIm = ξ(φ¯)Γc
tot
m and c
II
m = ξ(φ¯)c
tot
m , where the partition
degree
ξ
(
φ¯
)
=
1
1 + (Γ− 1)V I (φ¯) /V (2)
captures the impact of the relative size of the compart-
ment volume V I(φ¯)/V . The volume of the compartment
I is in turn controlled by the mean volume fraction φ¯
of A molecules in the system in terms of the relationship
V I(φ¯) = V (φ¯−φII)/(φI−φII). The relationships (14) and
(2) characterize the relatively rapid physics of monomer
partitioning at equilibrium and serve as the background
atop which we consider out-of-equilibrium aggregation
kinetics.
Model for protein aggregation kinetics coupled to
non-equilibrium monomer partitioning
Due to the separation of time scales of monomer dif-
fusion and monomer aggregation, the partitioning of
monomers into the compartment is close to equilibrium
at all times of the aggregation kinetics and thus the rela-
tive fraction of monomers is approximately governed by
monomer enrichment Γ, (14). However, as the aggre-
gation kinetics decreases the amount of monomers inside
each phase, aggregation couples to the partitioning which
cause the generation of diffusive fluxes Jα that attempt
to maintain the monomer partitioning close to equilib-
rium. In the limit of a sharp interface separating the
liquid compartment from the bulk, so that there is no
aggregation at the interface, J I = −J II. Furthermore,
to linear order, the flux Jα between the phases is pro-
portional to the difference of monomer partitioning with
respect the equilibrium value Γ (see SI, section S2, for
the derivation) and is of the form:
Jα
V α(R)
= −kα (M Im − ΓM IIm) , (3a)
where Mαm = c
α
mmm (with mm as monomer mass) is the
monomer mass concentration in compartment α = I, II,
and kα denotes the rate at which monomer partitioning
relaxes back to the equilibrium given by (14).
In each phase, irreversible protein aggregation of fib-
rillar structures occurs as a consequence of both primary
and secondary nucleation, and growth of aggregates via
their ends, each event occurring with a rate k1, k2, and
k+ [5, 45–47]. We see that the key term in our model
is the difference between the monomer concentration in-
side and outside of the compartment which leads to the
diffusive flux of monomers Jα between the phases ((3a)),
which connects the effects of phase separation and pro-
tein aggregation. The coupled equations describing the
protein aggregation in both phases can be written as
dcαa (t)
dt
= k1M
α
m(t)
n1 + k2M
α
m(t)
n2 Mαa (t) , (3b)
dMαa (t)
dt
= 2k+M
α
m(t) c
α
a (t) , (3c)
dMαm(t)
dt
= −2k+Mαm(t) cαa (t) +
Jα
V α
. (3d)
Here, (3b) describes the formation of new fibrils in each
compartment through primary nucleation, fragmenta-
tion or surface catalyzed secondary nucleation, (3c) cap-
tures the buildup of aggregate mass in each compartment
due to elongation of existing aggregation by monomer
addition, and (3d) models the population balance of
monomers in each compartment as a result of aggregate
growth and the flux monomer between compartments I
4and II. This flux is given by ((3a)) ensuring that parti-
tioning is maintained close to the monomer enrichment
factor Γ.
While the monomer enrichment factor Γ ((14)) governs
the constant ratio of the time dependent concentrations
in compartment I and II, the partitioning degree ξ ((2))
determines how the total monomer concentration, which
decays over time as a result of aggregation, is split be-
tween the two compartments at any time point during
the kinetics of aggregation. As we will see, both parame-
ters will be crucial in controlling the degree of aggregate
enrichment inside the compartments.
IRREVERSIBLE AGGREGATION IN THE
PRESENCE OF PHASE SEPARATED
COMPARTMENTS
To understand how protein aggregation kinetics cou-
ples to two phase separated compartments in terms of
the physical parameters Γ and ξ, we constructed explicit
analytical solutions to the set of non-linear kinetic equa-
tions (3) by exploiting an analogy to classical mechan-
ics ([46] and SI, section S3, for details), and compared
with numerical solutions of (3).
Monomer enrichment causes a relative change in
nucleation and growth of aggregates between the
compartments
In the limit of fast monomer diffusion the aggregation
kinetics in each compartment is controlled by a set of ef-
fective rate parameters. The relative magnitude of these
effective rates between compartment I and II at early
times scales with the monomer enrichment as Γn1 , while
at late times, the corresponding ratio of these rates scales
with Γ(n2+1)/2 (see SI, Eq. (S33) and (S34)). Thus, the
aggregate growth inside compartment I is faster than in
compartment II if there is enrichment of monomers in
the condensed phase, i.e., when Γ > 1. Moreover, the
relative magnitudes of growth rate at early times solely
depends on the reaction order of primary nucleation, n1,
while at late times, relative growth is determined by the
reaction order of secondary nucleation, n2.
Phase separated compartments mediate a positive
feedback for aggregate growth
This difference in growth rates between the phases
can be qualitatively explained by the rapid preference of
monomers to recover phase equilibrium (Fig. 3(a)). The
higher monomer concentration in compartment I causes
aggregates to nucleate first inside compartment I. As a
consequence elongation of aggregates is more pronounced
inside compartment I leading to a stronger consump-
tion of monomers. This difference in monomer consump-
tion between the compartments couples to the flux (3),
which forces more monomers to diffuse into compartment
I to maintain partitioning equilibrium, even as aggregates
grow. This positive feedback mechanism in compartment
I is accompanied by negative feedback for compartment
II, which continuously looses monomers leading to a slow
down of the aggregation kinetics outside. Thus, the cou-
pling between the aggregation kinetics and phase sepa-
ration, mediated by (3), is key to determine aggregate
enrichment/depletion in each phase.
Positive feedback for aggregate growth causes strong
aggregate enrichment
To understand this feedback mechanism we study the
time evolution of the aggregate concentration inside each
phase, cIa(t) and c
II
a (t) (Fig. 3(b)). As aggregation is ini-
tiated by primary nucleation, it is solely determined by
the monomer concentration. Because monomer concen-
trations in the compartments are slaved due to the rapid
flux that maintains partitioning equilibrium, the time
evolution of the aggregate concentrations in the early
regime of the aggregation kinetics are slaved as well, fol-
lowing cIa(t)/c
II
a (t) ∝ Γn1 . When aggregates start con-
suming monomers via elongation, the flux of monomers
from compartment II to I causes a saturation of the ag-
gregate concentration outside the compartment II, while
the concentration of aggregates in compartment I in-
creases significantly. This rapid increase of growth is
facilitated by the continuous influx of monomers (pos-
itive feedback). As monomers get depleted in the entire
system the growth of aggregates also saturates in com-
partment I. Most importantly, the resulting asymptotic
concentrations at large time scales, cIa(∞) and cIIa (∞),
can differ by several orders of magnitude, even for modest
values of Γ corresponding to weak relative interactions.
Enrichment and depletion relative to homogeneous
aggregation is determined by the reaction orders
To elucidate the impact of the reactions orders on the
aggregation kinetics we first consider the enrichment of
aggregates relative to the case of homogeneous aggrega-
tion, i.e., for Γ = 1. For large values of monomer enrich-
ment, the asymptotic concentrations in compartments I
and II at large times relative to the homogeneous aggre-
gate concentration c0a at large times (see SI, Eq. (S46),
for the definition) read
cIIa (∞)
c0aw
' ξ(φ¯)n1−n2+12 Γ−n2+12 , (4)
cIa(∞)
c0a
' (ξ(φ¯) Γ)n2+12 , (5)
where w is a dimensionless numerical prefactor (see SI,
Eq. (S49)). We see that for a large monomer enrich-
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FIG. 3. Segregation of aggregates into compartment I via positive feedback mediated by phase separation. (a)
Sketch of aggregation kinetics inside the two compartments I and II. Left: Initially, monomers get enriched on a short diffusive
time scales due to the partitioning mediated by the phase separated compartments ((14)). Center: Monomers slowly aggregate.
More aggregates nucleate and grow in compartment I due to the initial partitioning of monomers. This pronounced, initial
aggregation causes a continuous monomer flux into compartment I, further promoting aggregation (positive feedback indicated
by arrows). Right: Partitioning of monomers together with the positive feedback can cause a very pronounced accumulation
of aggregates relative to compartment II. (b) Aggregate concentration cαa (t) as a function of time t obtained from solving
numerically and analytically Eqs. (3) actually confirms that aggregates can enrich by several orders of magnitude. (c) The
asymptotic concentrations cIa(∞) and cIIa (∞) inside each of the compartment inversely scale for small compartments, while for
large compartment I, aggregate enrichment therein vanishes while depletion inside compartment II is dominated by primary
nucleation.The asymptotic concentration in the absence of monomer enrichment, Γ = 1, is denoted as c0a. Dashed line are the
scalings given in the the main text. Parameters: n1 = n2 = 2. (d) Enrichment factor ε of aggregates inside compartment
I as a function of monomer enrichment Γ can reach very large values. The behaviour switches from secondary nucleation
dominated increase at small compartment I volumes to primary dominated growth at large volumes. Dashed line are the
scalings given in (6). (e) The slope of the enrichment factor as a function of mean volume fraction φ¯, equivalently speaking,
volume of compartment I, changes its sign when enrichment is dominated by primary (n1 = 2, n2 = 0) or secondary nucleation
(n1 = 2, n2 = 2). Parameters: (b,e) Γ = 3 consistent with weak interactions.
ment factor Γ, the enrichment of aggregates inside com-
partment I gets more pronounced, while aggregates in
compartment II are more depleted relative to the homo-
geneous case (Fig. 3(c)). Most impotantly, the value of
the aggregate concentration for given monomer enrich-
ment is controlled by the reaction orders for primary and
secondary nucleation, n1 and n2.
Aggregate concentration in the compartments is
controlled by compartment volume
Having understood the role of the monomer enrich-
ment factor Γ in aggregation kinetics, we now turn to
how the asymptotic concentrations of aggregates in each
compartment depend on the volumes of the compart-
ments. The dependence on compartment volume is given
the partition degree ξ(φ¯). From (2), we see that the par-
tition degree ξ(φ¯) ∈ [1,Γ−1], where the value of one is
relevant for small compartments (Fig. 2(b)). Following
(4) and (5), we see that for a small volume of compart-
ment I, enrichment and depletion exhibit an inverse scal-
ing with cIa(∞) ∝
(
cIIa (∞)
)−1 ∝ Γn2+12 , which is solely
dependent on the reaction order for secondary nucleation.
Contrariwise, when the volume of compartment I is large,
enrichment of aggregates inside I vanishes, while deple-
tion inside compartment II then solely depends on the
reaction order for primary nucleation, cIIa (∞) ∝ Γ−n1 .
This switch between aggregate enrichment governed
by secondary nucleation, to an enrichment solely deter-
mined by primary nucleation, arises from primary nucle-
ation events occurring first inside compartment I due to
a higher monomer concentration (Γ > 1). Once the first
aggregates have formed via primary nucleation inside
compartment I, small and large compartments behave
fundamentally differently. If compartment I is small,
only a few aggregates can form via primary nucleation
due to the small compartment size. As aggregates be-
gin to grow earlier in compartment I, the unbalance of
monomers causes a flux from II to I. As a consequence
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FIG. 4. Theoretical predictions of maximal aggregate
enrichment for various aggregating systems. Our pre-
dictions are summarized by a phase diagram depicting that
aggregating systems characterized by different reaction orders
for primary and secondary nucleation, n1 and n2, show maxi-
mal aggregate enrichment for large or small compartments,
respectively. The two regions where either large or small
compartments lead to a larger enrichment of aggregates is
separated by the line n2 = n1 − 1 determined from (6). For
n2 > n1 − 1 small compartments lead to larger aggregate en-
richment, while for n2 < n1−1, larger compartments are ben-
eficial. To illustrate which scenario might apply to which kind
of aggregating system, we indicate the measured values of the
primary and secondary reaction orders for a range of systems
propagating through fragmentation (blue), lateral branching
(green) or monomer-dependent secondary nucleation (red):
Tau [48], yeast prion Ure2p [49], IAPP [50], amyloid-β40 (for
monomer concentrations below 5 µM) [51], amyloid-β42 [41].
of this continuous flux, the secondary nucleation events
quickly overwhelm primary nucleation events inside com-
partment I, while secondary nucleation is suppressed in
compartment II. However, if compartment I is large, the
aggregation kinetics is similar to that for a homogeneous
system because the monomer mass concentration is very
close to the total monomer mass in the system and there
is only a negligible amount of monomers entering from
compartment II. Additionally, in the smaller compart-
ment II where aggregates grow via primary nucleation,
the coupling flux continuously removes monomers sup-
pressing primary nucleation. Since compartment I is
large, it shows little or no enrichment of aggregates rela-
tive to the homogeneous case while inside the small com-
partment II, aggregates are depleted determined by the
lack of primary nucleation events relative to the homo-
geneous case.
Changes in compartment volume switch the driving
mechanism for aggregate enrichment
To quantify the switch in aggregation enrichment as a
function of compartment volume we define the asymp-
totic aggregate enrichment ratio
ε(φ¯) =
cIa(∞)
cIIa (∞)
∝ ξ(φ¯)n2−n1+1 Γn2+1 . (6)
As the compartment volume enters the enrichment fac-
tor ε(φ¯) solely via the partition degree ξ(φ¯), the sign of
n2 − n1 + 1 determines whether larger or smaller com-
partments lead to a larger enrichment (Fig. 3(e)). Indeed
we find that the slope of the enrichment factor scales as
ε(φ¯)′ ∝ (n1 − n2 − 1). Thus, for n1 > n2 + 1, increas-
ing the compartment volume by increasing the amount
of A-material φ¯ causes a larger relative enrichment. Con-
versely, for n1 < n2 + 1, larger enrichment can be found
for smaller compartment sizes. Consistently, if the nucle-
ation coefficients obey n2 = n1−1, compartment volume
has no impact on the enrichment factor ε.
This qualitative switch in the mechanism for aggregate
enrichment raises the question which systems favor large
or small compartment volumes in order to maximize ag-
gregate enrichment ε(φ¯). Figure 4 depicts the regimes in
terms of the reaction orders characterizing primary and
secondary nucleation, n1 and n2, for which the maximal
aggregate enrichment corresponds to smaller and larger
compartment volumes. This prediction can be related to
specific aggregating systems for which the values of the
reaction orders n1 and n2 have been experimentally de-
termined (References see caption of Fig. 4). Using these
values for the reaction orders, our model predicts that
largest enrichment is obtained for large compartments in
systems of aggregating tau and yeast prion Ure2p. These
two examples belong primarily to the class of systems
where the mechanism responsible for the formation of
new aggregates in the late stage is fragmentation which
has a zero secondary reaction order, n2 = 0 (i.e., nu-
cleation is monomer independent). For non-fragmenting
systems with n2 > 0, our model predicts different sce-
narios for aggregating systems: largest aggregate en-
richment for large compartment volumes occurs in the
case branching systems, such as actin in the presence
of the complex Arp2/3, as well as systems proliferat-
ing through monomer dependent secondary nucleation
with n2 < n1 − 1, such as the Islet Amyloid Polypep-
tide (IAPP). In contrast, largest aggregate enrichment is
reached for small compartments in the case of the 40-
and 42-residue forms of Amyloid-β peptide (Aβ40 and
Aβ42).
CONCLUSION
By combining the theories of irreversible protein ag-
gregation kinetics and phase separation we have shown
how liquid compartments can control the spatial pattern
of irreversible protein aggregation. The coupling of slow
aggregation and rapid phase separation leads to a mech-
anism whereby even a weak partitioning of monomers
in the case of weak protein-protein interactions is am-
plified into a relatively large accumulation of aggregates
7in the compartment. The resulting degree of aggregate
enrichment is determined by two physical parameters re-
lated to phase separation (monomer enrichment Γ and
partitioning degree ξ) and two parameters characteriz-
ing the aggregation kinetics (reaction orders n1 and n2
for primary and secondary nucleation). Since the kinetic
parameters are fixed by the nature of the nucleation reac-
tions, the phase separation parameters that are governed
by the molecular interactions between the constituents
thus represent ideal control variables to regulate the de-
gree of aggregate enrichment.
Our model may already provide a framework to explain
the phenomena of aggregate partitioning inside living
cells. An example of such phenomena could be the par-
titioning of pericentriolar material into centrosomes [52]
and the spatial organization of aggregates inside stress
granules [19, 22]. The propensity of aggregates to so-
lidify the compartment as reported in Ref. [22] could
be accounted for in our model through a gel-sol tran-
sition [53, 54]. Including the solidification induced by
aggregates could lead to additional volume changes of the
compartment which in turn may affect the aggregation
kinetics.
Our quantitative predictions of strong aggregate en-
richment inside a liquid compartment (Fig. 3 (b-e)) and
how compartment volume affects this enrichment for dif-
ferent aggregating systems (Fig. 4) suggest direct experi-
mental tests for instance using an Amyloid-β aggregation
assay [55] in systems where one can enhance the thermo-
dynamic stability of droplets using surfactant-stabilized
emulsions. The condition of negligible aggregate diffu-
sion can be realized using a gel matrix with pore sizes
well above the monomer size but much lower than the
expected average fibril length. The monomer enrichment
Γ could be varied in vitro by changing parameters such
as salt composition, pH or temperature, however, ver-
ifying that these changes only weakly affect the phase
separation itself.
Furthermore, the enrichment of toxic aggregates inside
liquid compartments suggests new directions for drug de-
sign against aberrant protein aggregation. Our results
suggest to design drugs not only with respect to their
ability to interfere with the aggregation kinetics [56] but
also with respect to their partitioning properties into
the liquid compartments. This strategy is reminiscent of
quantifying the potency of low molecular weighted anaes-
thetics by the Meyer-Overton correlation [57, 58].
The reported feedback mechanism of aggregate growth
mediated by liquid compartments may represent a gen-
eral principle to spatially confine and speed up other irre-
versible chemical processes. Examples may include pre-
cipitation of proteins or polymerization kinetics of actin
and microtubules (see also Fig. 4). Indeed, a speed up of
the chemical reactions could be expected due to the in-
creased concentration of educts inside the liquid compart-
ments. Thus liquid compartments are ideal biomolecular
microreactors that enrich the amount of products by dy-
namically exchanging reactants with their surroundings.
In summary, our model suggests that liquid compart-
ments have a propensity to enrich aggregates and thus
could play a role in controlling them spatially. In our
model we have considered the case when monomers and
aggregates do not affect phase separation and when
phase separation is driven by the competition between
the entropic tendency to mix and interactions favoring
demixing. Future work could be devoted to extending
our model by entropically driven phase separation,
relevant for the assembly of coacervates [59] or mixtures
with depletion interactions, or to including in our model
a coupling between aggregates and the liquid compart-
ment. Moreover, our model is restricted to time scales
when aggregates hardly diffuse. Diffusion of aggregates
may diminish the observed strong aggregate enrichment
suggesting new avenues for further studies. A lowered
enrichment could also be caused by the coarsening
dynamics of many droplets [60–62]. While coarsening
via coalescence would not affect our results at all
because aggregates remain confined inside the droplets,
we leave it to future work to understand to which extent
dissolving droplets undergoing Ostwald ripening would
diminish the degree of aggregate enrichment.
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8SUPPLEMENTAL INFORMATION
I. PARTITION COEFFICIENT FOR DILUTE
MONOMERS AT EQUILIBRIUM
We consider phase separation of an incompressible,
ternary mixture composed of monomers, component A
and B (we neglect the interactions between the aggre-
gates and phase separation for simplicity) described by
the following Flory-Huggins free energy density [63, 64]
f = kBT
[
φA
νA
ln(φA) +
φB
νB
ln(φB) + cm ln(νmcm)
+ ΛφAφB + cmνm (ΛmAφA + ΛmBφB)
]
, (7)
where the logarithmic terms correspond to the mixing
entropy. The interactions between A and B are de-
scribed by the parameter Λ while the interactions with
the monomers are characterized by Λmi, i = A,B. These
interaction parameters have the unit [1/volume]. Here we
define a dimensionless interaction parameters by writing
Λ = χ/ν and Λmi = χmi/ν with ν = νA. Moreover, for
simplicity, we consider equal molecular volumes of A and
B, ν = νB . Thus we arrive at
f =
kBT
ν
[
φA ln(φA) + φB ln(φB) + νcm ln(νmcm)
+ χφAφB + cmνm (χmAφA + χmBφB)
]
. (8)
With φB = 1 − φA − νmcm and monomers being dilute,
νmcm  1, we can expand f in νmcm up to the first order:
f(φ, cm) ' kBT
ν
{
φ ln(φ) + (1− φ) ln(1− φ) + χφ(1− φ)
+ νmcm
(
(ν/νm) ln(νmcm)− ln(1− φ)
+ (χmA − χmB − χ)φ+ χmB − 1
)}
, (9)
where we defined φA ≡ φ and neglected all term of or-
der O
[
(νmcm)
2
]
. The corresponding chemical potentials
read
µ˜(φ, cm) = ν
∂f
∂φ
(10a)
= kBT
[
lnφ− ln (1− φ) + χ(1− 2φ)
+ cmνm
(
χmA − χ− χmB + 1
1− φ
)]
,
µm(φ, cm) =
∂f
∂cm
(10b)
= kBT
{
ln (νmcm) + 1 +
νm
ν
ln(1− φ)
+
νm
ν
[
(χmA − χ)φ+ χmB(1− φ)− 1
]}
.
At equilibrium the chemical potentials of each component
inside (I) and outside (II) the compartment are balanced
leading to relationships between the concentration values
inside and outside. Specifically, if phase separation equi-
librium is reached the following conditions are fulfilled
µ˜I(φI, cIm) = µ˜
II(φII, cIIm) , (11a)
µIm(φ
I, cIm) = µ
II
m(φ
II, cIIm) . (11b)
The relations above allow to calculate the equilibrium
concentration in each phase, for component A, φI and
φII, and the monomers, cIm and c
II
m. An analytic result of
the equilibrium concentrations is very difficult to obtain.
However, we can focus on the leading contributions for
the balance of the chemical potentials inside and outside
taking advantage that monomers are dilute and thereby
obtain an approximation for the equilibrium values inside
and outside.
Considering that the dimensionless interaction param-
eters χ are all of O(1), the impact of the dilute monomers
on the phase equilibrium between A and B is negligible
and we can approximate
µ˜(φ, cm) ' kBT
[
ln
(
φ
1− φ
)
+ χ(1− 2φ)
]
. (12)
The resulting chemical potential Eq. (12) simply corre-
sponds to the chemical potential of a binary, incompress-
ible Flory-Huggins mixture. From the equilibrium condi-
tion Eq. (11a), we can calculate the binodal line described
by the condition
χ ' ln (φ/(1− φ))
2φ− 1 , (13)
which solely depends on the interaction parameters be-
tween A and B, χ. By means of equilibrium condition
Eq. (11b), we can calculate the impact of the phase sepa-
rated compartment on the monomer distribution leading
to the monomer enrichment
cIm
cIIm
' exp
[νm
ν
∆χ
(
φI − φII)] =: Γ , (14)
where the relative interaction strength reads ∆χ =
(χB,m − χA,m). Thus, there is enrichment of monomers
in the condensed phase (Γ > 1) if monomers favor the
presence of A relative to B, i.e., χA,m < χB,m.
Inter-compartment flux of monomers close to
equilibrium
This flux can be calculated for a maintained concen-
tration difference φI−φII using the chemical potential for
the monomers µm (Eq. (10b)). To this end, let us assume
that the compartment is spherical with a radius R and
corresponding volume V I = (4pi/3)R3. Perturbing the
9concentrations in both phases may lead to an unbalance
of the chemical potential and thus a flux between the
phases. The total change of monomer due to a net flux
through the interface between the compartments reads:
J = R2 lim
∆x→0
∫
dϕdθ er · j
∣∣R−∆x/2
R+∆x/2
, (15)
where the unbalance of the chemical potential occurs
through the interface of width ∆x and er is the radial
unit vector pointing normal to the spherical interface.
The local flux j can be approximated as j = −ξ∇µm '
−ξer∂rµm ' −erξ(µIm − µIIm)/∆x, where ξ denotes the
mobility coefficient. This approximation neglects spatial
inhomogeneities in chemical potentials within the phases
which is valid in the limit of fast diffusion on the length
scale of the system of volume V . Using the chemical po-
tential of the monomers, Eq. (10b), we can approximate
the gradient of the chemical potential as
µIm − µIIm
∆x
=
kBT
∆x
[
ln
(
M Im
)− ln (ΓM IIm)] (16)
' kBT
∆x
δM Im − Γ δM IIm
M Im,eq
, (17)
where we expanded M Im = M
I
m,eq + δM
I
m and M
II
m =
M IIm,eq + δM
II
m up to linear order around the equilib-
rium concentrations M Im,eq and M
II
m,eq = M
I
m,eq/Γ, re-
spectively. Thus the change in concentration due to the
exchange of material through the interface reads
J
V (α)(R)
' − 4piR
2
V (α)(R)
Dm
∆x
M Im − ΓM IIm
νmM Im,eq
(18)
= −k(α)(R) (M Im − ΓM IIm) , (19)
where the diffusion constant Dm = kbTνmξ. To ease
notation we omitted the “δ” to indicate linear deviations
from equilibrium. Moreover, the rate to relax back to
monomer partitioning at equilibrium is
kα(R) =
4piR2Dm
∆xV (α)(R)νmM Im,eq
. (20)
This rate depends on parameters such as the monomer
diffusion constant and the size of the compartment V I
(Eq. (20)). In particular, for large compartment I,
V I ≈ V , the fraction of rates, kI/kII, decreases toward
zero indicating that the relaxation in compartment I is
slowed down relative to compartment II. Conversely, in
the case of small compartments, V I  V , relaxation of
compartment I is fast compared to compartment II. Most
importantly, the size of the compartment does not affect
the equilibrium concentration. For simplicity, we neglect
the impact of surface tension which leads to a weak in-
crease of the equilibrium volume fractions.
II. ANALYTICAL SOLUTION TO
AGGREGATION KINETICS WITH LIQUID
COMPARTMENTS
In this appendix, we discuss the detail associated with
the derivation of analytical solutions to the aggregation
kinetics in the presence of liquid compartments, Eq.(3),
main text.
A. Boundary layer dynamics
Due to the separation of timescales between monomer
equilibration between the two compartments and protein
aggregation, the system described by Eqs. (3) (main text)
will develop initially through a rapid phase of equilibra-
tion (boundary layer), before any aggregation occurs in
either compartment. During this phase, the initial val-
ues of the monomer concentration in each compartment,
M Im(0) andM
II
m(0), relax quickly to equilibrium such that
the condition M Im(t) = ΓM
II
m(t) is satisfied before aggre-
gation is initiated. This early equilibration kinetics is
described by setting the aggregation terms in Eqs. (3)
(main text) to zero, yielding the following equations:
dM Ia(t)
dt
= −kI [M Im(t)− ΓM IIm(t)] , (21a)
dM IIa (t)
dt
= kII
[
M Im(t)− ΓM IIm(t)
]
. (21b)
The solution to Eqs. (21) is:
M Im = ΓB +
kI
[
M Im(0)− ΓM IIm(0)
]
A
e−At , (22a)
M IIm = B +
kII
[
M Im(0)− ΓM IIm(0)
]
A
e−At , (22b)
where A = kI +ΓkII, and B =
[
kIIM Im(0)+k
IM IIm(0)
]
/A.
Note that the kinetics described by Eq. (22) ‘pushes’ the
system towards the slow manifold, which is described
by M Im(t) = ΓM
II
m(t). Hence, when M
I
m(0) = ΓM
II
m(0),
there is no initial phase of ‘correction’ of the initial con-
ditions. At the end of this initial boundary layer phase,
the monomer concentrations in the two compartments
are given by:
M Im = ΓB , (23a)
M IIm = B . (23b)
Since we are not very much interested in this initial phase
of redistribution of the initial conditions, in the following
we shall assume for simplicity that the initial monomer
concentrations in compartments I and II satisfy the re-
lationship M Im(0) = ΓM
II
m(0). This assumption does
not affect the generality of our results. In fact, if this
condition was not satisfied initially, then, according to
Eq. (22), rapid equilibration between the two compart-
ments would correct these initial conditions, eventually
leading to a ’corrected’ set of initial conditions that lie in
the slow manifold.
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FIG. 5. Comparison between the analytical solutions
Eqs. (46), (47), (48) (dashed lines) and the numerical solution
to Eqs. (3) in the main text (solid lines). The parameters are:
k+ = 10
6 M−1s−1, k1 = 10−4 M−1s−1, k2 = 104 M−2s−1,
M totm = 1 µM, n1 = n2 = 2, Γ = 3, ξ = 1 and k
α/κ0 = 100
for α = I,II.
Solving aggregation kinetics in the slow manifold
After an initial, rapid phase of monomer redistribu-
tion through the two compartments, the system enters
a slower phase of dynamics, where, at leading order, the
system stays on the slow manifold M Im = ΓM
II
m at all
times. For simplicity, let us assume that the initial con-
centrations of monomers in the two compartments obey
the relationship M Im(0) = ΓM
II
m(0) (otherwise there will
be a fast equilibration of the initial conditions such that
this relationship is satisfied). To describe the aggregation
process in the slow manifold, we write M Im − ΓM IIm ' 0
for all times in Eqs. (3) (main text) and find:
dM Im(t)
dt
= −2k+M Im(t) cIa(t) = −
dM Ia(t)
dt
, (24a)
dM IIm(t)
dt
= −2k+M IIm(t) cIIa (t) = −
dM IIa (t)
dt
, (24b)
dcIa(t)
dt
= k1M
I
m(t)
n1 + k2M
I
m(t)
n2 M Ia(t) , (24c)
dcIIa (t)
dt
= k1M
II
m(t)
n1 + k2M
II
m(t)
n2 M IIa (t) . (24d)
It is useful to introduce the total monomer concentration
in the system as:
Mm(t) =
V IM Im(t) + V
IIM IIm(t)
V
. (25)
Note that this concentration may vary in time as aggre-
gates are nucleated and grow, however, the total mass
concentration
M totm = Mm(t) +
V IM Ia(t) + V
IIM IIa (t)
V
(26)
is conserved at all times. Using the condition M Im =
ΓM IIm , we can write the following relationships linking
the concentrations of monomers in compartments I and
II to the total concentration of monomers in the system:
M Im(t) = ξ ΓMm(t) (27a)
M IIm(t) = ξ Mm(t) , (27b)
where we abbreviated the partitioning degree
ξ =
V
(Γ− 1)V I + V . (28)
Thus, using Eqs. (27), we can re-write Eqs. (24) as:
dM Ia(t)
dt
= 2k+(ξ Γ)Mm(t)c
I
a(t) , (29a)
dM IIa (t)
dt
= 2k+ξMm(t)c
II
a (t) , (29b)
dcIa(t)
dt
= k1(ξ Γ)
n1Mm(t)
n1 + k2(ξ Γ)
n2Mm(t)
n2M Ia(t) ,
(29c)
dcIIa (t)
dt
= k1ξ
n1Mm(t)
n1 + k2ξ
n2Mm(t)
n2M IIa (t) .
(29d)
1. Early-time dynamics for aggregate number and mass
concentrations in compartments I and II
Before discussing the full time course of aggregation, it
is useful to consider the early-time kinetics of the system,
which emerges when the monomers in the system have
not been depleted significantly [5]. This limit is obtained
by assuming in (29) that the total monomer concentra-
tion is constant in time, i.e., Mm(t) ≈M totm [5]. This as-
sumption transforms the kinetic equations (29) into the
following simpler set of linear differential equations:
dM Ia(t)
dt
= µI c
I
a(t) , (30a)
dM IIa (t)
dt
= µII c
II
a (t) , (30b)
dcIa(t)
dt
= νI + βIM
I
a(t) , (30c)
dcIIa (t)
dt
= νII + βIIM
II
a (t) , (30d)
where we have introduced the parameters:
µI = µ0 ξ Γ , νI = ν0(ξ Γ)
n1 , βI = β0(ξ Γ)
n2 , (31)
and
µII = µ0 ξ , νII = ν0 ξ
n1 , βII = β0 ξ
n2 , (32)
with
ν0 = k1(M
tot
m )
n1 , (33a)
β0 = k2(M
tot
m )
n2 , (33b)
µ0 = 2k+M
tot
m . (33c)
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The solution to Eqs. (30) subject to the condition that
no aggregates are present initially reads
M Ia(t)
M Im(0)
=
λ2I [cosh(κIt)− 1]
κ2I
, (34a)
M IIa (t)
M IIm(0)
=
λ2II[cosh(κIIt)− 1]
κ2II
, (34b)
for the aggregate mass concentrations in compartments
I and II, and
cIa(t) =
νI sinh(κIt)
κI
(35a)
cIIa (t) =
νII sinh(κIIt)
κII
(35b)
for the aggregate number concentrations in compart-
ments I and II. Here, we have introduced the kinetic
coefficients
λI = λ0 (ξΓ)
n1
2 , λII = λ0 ξ
n1
2 , (36)
and
κI = κ0 (ξΓ)
n2+1
2 , κII = κ0 ξ
n2+1
2 , (37)
with
λ0 =
√
2k+k1(M totm )
n1 , (38a)
κ0 =
√
2k+k2(M totm )
n2+1 , (38b)
being the effective rates characterizing the proliferation
of aggregates due to primary and secondary nucleation,
respectively [5]. According to Eqs. (34) and (35), the
aggregate number and mass concentrations in both com-
partments grow exponentially with time. The effective
growth rates κI and κII are different for each compart-
ment and depend on Γ and ξ. Since Γ  1, aggregate
growth in the early times is much faster in compartment
I compared to compartment II. In particular, the ratio of
the growth rates in the two compartments is independent
of ξ and is given by:
κI
κII
= Γ
n2+1
2 . (39)
Also primary nucleation is enhanced inside compartment
I relative to compartment II:
νI
νII
= Γn1 . (40)
2. Analytical solution for full time course of monomer
concentrations in compartments I and II
We now construct analytical solutions for the monomer
and aggregate mass concentrations that are valid for the
entire duration of the aggregation reaction. In the previ-
ous section, we have seen that for Γ 1 two timescales,
1/κI and 1/κII, characterize the early-time aggregation
in the two compartments. Since the growth rate in com-
partment I, κI, is much larger than that in compartment
II, κII, monomers in compartment I will be consumed by
aggregation much faster than those in compartment II.
However, the relationship M Im(t) = ΓM
II
m(t) must hold
at all times. Thus, to compensate the fast aggregation
in compartment I, there will be a flux of monomers from
compartment II to compartment I. Eventually, the vast
majority of monomers will end up as part of aggregates in
compartment I and the parameter κI will naturally con-
trol the depletion of monomers in both compartments.
We can make this argument more quantitative by using
Eqs. (34) as follows. Monomers in compartment I are
consumed over a timescale of the order 1/κI. The amount
of aggregate mass that will be formed in compartment II
during this time period will be of the order
M IIa 'M IIm(0)
λ2II[cosh(κII/κI)− 1]
κ2II
. (41)
Since κII/κI  1, we can expand the cosh function as
a Taylor series, coshx = 1 + x2/2 + O(x5). At leading
order, we find:
M IIa 'M IIm(0)
λ2II
2κ2I
. (42)
Thus, the ratio between the mass of aggregates formed
in compartments I and II over a timescale 1/κI is
M Ia
M IIa
' M
I
a(0)
M IIa (0)
λ2I
λ2II
' Γn12 +1. (43)
Since Γ  1, the aggregate mass in compartment I will
be much larger than that in compartment II. We can thus
neglect at leading order the contribution from M IIa (t) to
the conservation of total mass relationship. Doing so,
and using Eqs. (27), we can write the conservation of
mass relationship as follows
M Ia(t) =
[
M Im(0)−M Im(t)
]Γ + 1
Γ
. (44)
Using Eq. (44), we can reduce the kinetic equations (29)
to a system of two coupled different equations:
dM Im(t)
dt
= −2k˜+M Im(t) cIa(t) , (45a)
dcIa(t)
dt
= k1M
I
m(t)
n1 + k˜2M
I
m(t)
n2
[
M Im(0)−M Im(t)
]
,
(45b)
where k˜+ = k+Γ/(Γ + 1) and k˜2 = k2(Γ + 1)/Γ. Con-
veniently, Eqs. (45) are exactly the fundamental kinetic
equations describing the dynamics of protein aggregation
in a pure system, i.e., without compartment, but with
effective rate parameters that depend on the degree of
phase separation [5, 46]. Thus, we can adapting the re-
sults in [46] to Eq. (45), we find the following solution for
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the time varying monomer concentration in compartment
I:
M Im(t)
M Im(0)
=
[
1 +
λ2I
2κ2I θ
(
Γ
Γ + 1
)
eκIt
]−θ
, (46)
where θ =
√
2/[n2(n2 + 1)]. Using Eq. (44), we then ob-
tain an expression for the aggregate mass concentration:
M Ia(t)
M Im(0)
=
Γ + 1
Γ
(
1−
[
1 +
λ2I
2κ2I θ
(
Γ
Γ + 1
)
eκIt
]−θ)
.
(47)
Finally, the time course of the monomer concentration
in compartment II is obtained using the relationship
M Im(t) = ΓM
II
m(t). This yields:
M IIm(t)
M IIm(0)
=
[
1 +
λ2I
2κ2I θ
(
Γ
Γ + 1
)
eκIt
]−θ
. (48)
The accuracy of our analytical solutions Eqs. (46), (47)
and (48) against numerical integration of Eqs. (3) (main
text) is shown in Fig. 5.
3. Scaling relationships for the aggregate number
concentrations in compartments I and II
From the knowledge of the time varying monomer con-
centration, Eq. (46), we can obtain an expression for
the aggregate number concentration in compartment I
using Eq. (45a) by simple differentiation of Eq. (46),
cIa(t) = −1/[2k˜+M Im(t)]dM Im(t)/dt. This yields the fol-
lowing expression:
cIa(t)
cIa(∞)
=
[
1 +
2κ2I θ
λ2I
(
Γ + 1
Γ
)
e−κIt
]−1
, (49)
where
cIa(∞) =
κIθ
2k+
(
Γ + 1
Γ
)
(50)
is the number concentration of aggregates at steady state.
It is interesting to extract from Eq. (50) the key depen-
dence of cIa(∞) on the parameters ξ and Γ:
cIa(∞) =
κ0θ
2k+
ξ
n2+1
2 Γ
n2−1
2 (Γ + 1) . (51)
Note that the prefactor defines the homogeneous concen-
tration in the absence of compartments,
c0a =
κ0θ
2k+
. (52)
Thus, using Γ 1 we find the following scaling relation-
ship for the steady-state number concentration of aggre-
gates in compartment I:
cIa(∞) ' c0a (ξΓ)
n2+1
2 . (53)
A similar scaling relationship can be derived also for the
steady-state number concentration of aggregates in com-
partment II as follows. We recall that the early-time
dynamics of aggregation in compartment II is character-
ized by a timescale 1/κII, which is much slower than the
timescale of aggregation in compartment I, 1/κI. Thus,
cIIa can be considered to be still in the exponential growing
phase even when the aggregate concentration in compart-
ment I is equilibrating. Eventually, the assembly in com-
partment II is arrested abruptly as soon as aggregation
in compartment I is fully saturated, since no monomer is
left in either compartment. Since the timescale for satu-
ration of aggregation in compartment I is proportional to
1/κI (see Eq. (46)), we can estimate the concentration of
aggregates in compartment II at the end of the reaction
as:
cIIa (∞) '
νII sinh(κII/κI)
κII
=
νII
κII
sinh
(
Γ−
n2+1
2
)
, (54)
where in the last step we used Eq. (39). Since Γ  1,
the argument of the sinh function is much smaller than
unity. Hence, we can simplify Eq. (54) by using a Taylor
expansion of the sinh function to first order, sinhx =
x+O(x3), yielding the following scaling relationship after
extracting the ξ dependence of νII and κII:
cIIa (∞) ' c0aw ξn1−
n2+1
2 Γ−
n2+1
2 , (55)
where w = k1/(k2θ) (M
tot
m )
n1−n2−1. Combining Eq. (53)
with (55), we obtain one of the key results of our paper,
namely the scaling behavior of aggregate enrichment be-
tween compartments I and II with Γ:
cIa(∞)
cIIa (∞)
∝ ξn2+1−n1Γn2+1 , (56)
where the impact of compartment volume on the rela-
tive degree of monomer characterized by ξ
(
φ¯
)
is given in
Eq. (28).
[1] B. Alberts, Molecular biology of the cell (Garland science,
2017).
[2] T. P. Knowles, M. Vendruscolo, and C. M. Dobson, Na-
ture reviews Molecular cell biology 15, 384 (2014).
13
[3] F. Chiti and C. M. Dobson, Annu. Rev. Biochem. 75,
333 (2006).
[4] A. D. Gitler, P. Dhillon, and J. Shorter, “Neurodegen-
erative disease: models, mechanisms, and a new hope,”
(2017).
[5] T. C. Michaels, A. Sˇaric´, J. Habchi, S. Chia, G. Meisl,
M. Vendruscolo, C. M. Dobson, and T. P. Knowles, An-
nual review of physical chemistry (2018).
[6] W. Neupert and J. M. Herrmann, Annu. Rev. Biochem.
76, 723 (2007).
[7] N. Wiedemann and N. Pfanner, Annual review of bio-
chemistry 86, 685 (2017).
[8] J. Dukanovic and D. Rapaport, Biochimica et Biophysica
Acta (BBA)-Biomembranes 1808, 971 (2011).
[9] C. P. Brangwynne, C. R. Eckmann, D. S. Courson,
A. Rybarska, C. Hoege, J. Gharakhani, F. Ju¨licher, and
A. A. Hyman, Science 324, 1729 (2009).
[10] C. P. Brangwynne, J Cell Biol 203, 875 (2013).
[11] S. Elbaum-Garfinkle, Y. Kim, K. Szczepaniak, C. C.-H.
Chen, C. R. Eckmann, S. Myong, and C. P. Brangwynne,
Proceedings of the National Academy of Sciences 112,
7189 (2015).
[12] L. Zhu and C. P. Brangwynne, Current opinion in cell
biology 34, 23 (2015).
[13] S. F. Banani, H. O. Lee, A. A. Hyman, and M. K. Rosen,
Nature reviews Molecular cell biology 18, 285 (2017).
[14] A. A. Hyman, C. A. Weber, and F. Ju¨licher, Annual
review of cell and developmental biology 30, 39 (2014).
[15] C. P. Brangwynne, P. Tompa, and R. V. Pappu, Nature
Physics 11, 899 (2015).
[16] R. Parker and U. Sheth, Molecular cell 25, 635 (2007).
[17] A. Patel, H. O. Lee, L. Jawerth, S. Maharana, M. Jahnel,
M. Y. Hein, S. Stoynov, J. Mahamid, S. Saha, T. M.
Franzmann, A. Pozniakovski, I. Poser, N. Maghelli, L. A.
Royer, M. Weigert, E. W. Myers, S. Grill, D. Drechsel,
A. A. Hyman, and S. Alberti, Cell 162, 1066 (2015).
[18] L. Malinovska, S. Kroschwald, and S. Alberti, Biochim-
ica et Biophysica Acta (BBA) - Proteins and Proteomics
1834, 918 (2013), the emerging dynamic view of pro-
teins:Protein plasticity in allostery,evolution and self-
assembly.
[19] A. Molliex, J. Temirov, J. Lee, M. Coughlin, A. P. Kana-
garaj, H. J. Kim, T. Mittag, and J. P. Taylor, Cell 163,
123 (2015).
[20] A. Herna´ndez-Vega, M. Braun, L. Scharrel, M. Jahnel,
S. Wegmann, B. T. Hyman, S. Alberti, S. Diez, and
A. A. Hyman, Cell reports 20, 2304 (2017).
[21] J. B. Woodruff, B. F. Gomes, P. O. Widlund, J. Ma-
hamid, A. Honigmann, and A. A. Hyman, Cell 169,
1066 (2017).
[22] D. Mateju, T. M. Franzmann, A. Patel, A. Kopach, E. E.
Boczek, S. Maharana, H. O. Lee, S. Carra, A. A. Hyman,
and S. Alberti, The EMBO journal , e201695957 (2017).
[23] S. Saha, C. A. Weber, M. Nousch, O. Adame-Arana,
C. Hoege, M. Y. Hein, E. Osborne-Nishimura, J. Ma-
hamid, M. Jahnel, L. Jawerth, et al., Cell 166, 1572
(2016).
[24] H. Zhang, S. Elbaum-Garfinkle, E. M. Langdon, N. Tay-
lor, P. Occhipinti, A. A. Bridges, C. P. Brangwynne, and
A. S. Gladfelter, Molecular cell 60, 220 (2015).
[25] T. M. Franzmann, M. Jahnel, A. Pozniakovsky, J. Ma-
hamid, A. S. Holehouse, E. Nu¨ske, D. Richter,
W. Baumeister, S. W. Grill, R. V. Pappu, et al., Science
359, eaao5654 (2018).
[26] M. Ganassi, D. Mateju, I. Bigi, L. Mediani, I. Poser,
H. O. Lee, S. J. Seguin, F. F. Morelli, J. Vinet, G. Leo,
et al., Molecular cell 63, 796 (2016).
[27] S. Alberti, D. Mateju, L. Mediani, and S. Carra, Fron-
tiers in molecular neuroscience 10, 84 (2017).
[28] S. Alberti and S. Carra, Journal of Molecular Biology
(2018).
[29] S. Jain, J. R. Wheeler, R. W. Walters, A. Agrawal,
A. Barsic, and R. Parker, Cell 164, 487 (2016).
[30] S. Specht, S. B. Miller, A. Mogk, and B. Bukau, J Cell
Biol 195, 617 (2011).
[31] S. Alberti and A. A. Hyman, BioEssays 38, 959 (2016).
[32] Y. Shin and C. P. Brangwynne, Science 357, eaaf4382
(2017).
[33] C. M. Dobson, Nature 426, 884 (2003).
[34] H. A. Lashuel, D. Hartley, B. M. Petre, T. Walz, and
P. T. Lansbury Jr, Nature 418, 291 (2002).
[35] S. M. Catalano, E. C. Dodson, D. A. Henze, J. G. Joyce,
G. A. Krafft, and G. G. Kinney, Current topics in medic-
inal chemistry 6, 597 (2006).
[36] I. Benilova, E. Karran, and B. De Strooper, Nature neu-
roscience 15, 349 (2012).
[37] S. Campioni, B. Mannini, M. Zampagni, A. Pensalfini,
C. Parrini, E. Evangelisti, A. Relini, M. Stefani, C. M.
Dobson, C. Cecchi, and F. Chiti, Nature chemical biol-
ogy 6, 140 (2010).
[38] T. Grousl, S. Ungelenk, S. Miller, C.-T. Ho, M. Khokh-
rina, M. P. Mayer, B. Bukau, and A. Mogk, J Cell Biol
, jcb (2018).
[39] E. E. Boczek and S. Alberti, J Cell Biol 217, 1173 (2018).
[40] E. E. Griffin, D. J. Odde, and G. Seydoux, Cell 146, 955
(2011).
[41] S. I. Cohen, S. Linse, L. M. Luheshi, E. Hellstrand, D. A.
White, L. Rajah, D. E. Otzen, M. Vendruscolo, C. M.
Dobson, and T. P. Knowles, Proceedings of the National
Academy of Sciences 110, 9758 (2013).
[42] P.-G. de Gennes, The journal of chemical physics 55, 572
(1971).
[43] M. Rubinstein, Physical review letters 59, 1946 (1987).
[44] M. Sajfutdinow, W. M. Jacobs, A. Reinhardt, C. Schnei-
der, and D. M. Smith, Proceedings of the National
Academy of Sciences , 201806010 (2018).
[45] T. C. Michaels and T. P. Knowles, American Journal of
Physics 82, 476 (2014).
[46] T. C. Michaels, S. I. Cohen, M. Vendruscolo, C. M. Dob-
son, and T. P. Knowles, Physical review letters 116,
038101 (2016).
[47] P. Arosio, T. C. Michaels, S. Linse, C. Ma˚nsson,
C. Emanuelsson, J. Presto, J. Johansson, M. Vendrus-
colo, C. M. Dobson, and T. P. Knowles, Nature commu-
nications 7 (2016).
[48] F. Kundel, L. Hong, B. Falcon, W. A. McEwan, T. C.
Michaels, G. Meisl, N. Esteras, A. Y. Abramov, T. J.
Knowles, M. Goedert, et al., ACS chemical neuroscience
(2018).
[49] L. Zhu, X.-J. Zhang, L.-Y. Wang, J.-M. Zhou, and
S. Perrett, Journal of molecular biology 328, 235 (2003).
[50] A. M. Ruschak and A. D. Miranker, Proceedings of the
National Academy of Sciences 104, 12341 (2007).
[51] G. Meisl, X. Yang, E. Hellstrand, B. Frohm, J. B.
Kirkegaard, S. I. Cohen, C. M. Dobson, S. Linse, and
T. P. Knowles, Proceedings of the National Academy of
Sciences 111, 9384 (2014).
14
[52] D. Zwicker, M. Decker, S. Jaensch, A. A. Hyman, and
F. Ju¨licher, Proceedings of the National Academy of Sci-
ences 111, E2636 (2014).
[53] W. H. Stockmayer, The Journal of chemical physics 11,
45 (1943).
[54] T. S. Harmon, A. S. Holehouse, M. K. Rosen, and R. V.
Pappu, Elife 6 (2017).
[55] T. P. Knowles, D. A. White, A. R. Abate, J. J. Agresti,
S. I. Cohen, R. A. Sperling, E. J. De Genst, C. M.
Dobson, and D. A. Weitz, Proceedings of the National
Academy of Sciences 108, 14746 (2011).
[56] P. Arosio, M. Vendruscolo, C. M. Dobson, and T. P.
Knowles, Trends in pharmacological sciences 35, 127
(2014).
[57] K. H. Meyer, Transactions of the Faraday Society 33,
1062 (1937).
[58] N. Franks and W. Lieb, Nature 274, 339 (1978).
[59] J. T. G. Overbeek and M. Voorn, Journal of Cellular and
Comparative Physiology 49, 7 (1957).
[60] W. Ostwald, Zeitschrift fu¨r physikalische Chemie 22, 289
(1897).
[61] I. Lifshitz and V. Slyozov, Journal of Physics and Chem-
istry of Solids 19, 35 (1961).
[62] A. Bray, Advances in Physics 43, 357 (1994),
http://www.tandfonline.com/doi/pdf/10.1080/00018739400101505.
[63] P. J. Flory, The Journal of chemical physics 10, 51
(1942).
[64] M. L. Huggins, The Journal of Physical Chemistry 46,
151 (1942).
